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mission to humans. We first focus on zoonotic disease spillover and the rate at which
primary human cases appear, demonstrating that a potential outbreak is directly related to
the area of wildlife habitat. We then develop a model of the costs and benefits of land
conversion that includes the effect of habitat size on the risk of disease outbreak. Our

Iég%gf‘li; model and numerical simulations show that incorporating this risk requires more wildlife
Disease habitat conservation in the long run, and how much more should be conserved will
Habitat conversion depend on the initial habitat size. If the area is too small, then no conversion should take
Land use place. Any policy to control habitat loss, such as a tax imposed on the rents from converted
Risk land, should also vary with habitat area.

Wwildlife © 2021 Elsevier Inc. All rights reserved.
Zoonosis

1. Introduction

Scientific consensus suggests that COVID-19 was transmitted to humans from wildlife (Rodriguez-Morales et al., 2020;
Zhang et al., 2020). Any such disease that is transferred from animals to humans through direct contact or though food, water,
and the environment is commonly referred to as a zoonosis. Nearly two thirds of emerging infectious diseases are zoonotic,
and three-quarters of them originate in wildlife (Jones et al., 2008; Cunningham et al., 2017). Consequently, COVID-19 could
be one of possibly many newly emerging zoonotic diseases that originate from a wild species.

There is growing evidence that land-use change is an important pathway for the transmission of zoonotic diseases from
wildlife to humans (Cunningham et al., 2017; Faust et al., 2018; Gibb et al., 2020a and 2020b; Johnson et al., 2020; Shah et al.,
2019; White and Razgour, 2020; Zohdy et al., 2019). Human activities that alter the landscape, such as land conversion and
habitat fragmentation, increase the probability of animal—human interactions and thus disease transmission (Johnson et al.,
2020). As noted by Zohdy et al. (2019, p. 399), “human land alteration continues to shift existing landscapes into island-like
habitats with reduced area, increased isolation, and increased ratios of edge habitat to total area.” Studies also show that
“deforestation resulting in crop monocultures is particularly problematic for elevating infection risks in susceptible nearby
populations” (Shah et al., 2019, p.7). All of these effects of wildlife habitat loss and fragmentation increase interactions be-
tween wildlife and humans, and thus the risk of spillover of zoonotic disease (Borremans et al., 2019; Faust et al., 2018; Gibbs
et al., 2020b; Johnson et al., 2020; White and Razgour 2020; Wilkinson et al., 2018; Zohdy et al., 2019). Even diseases
transmitted by bats — the suspected wildlife source of COVID-19 — are associated with increased habitat loss and human-
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wildlife interactions (Olival et al., 2017). As the biologist Thomas Lovejoy has noted, “This pandemic is the consequence of our
persistent and excessive intrusion in nature.“'

Only recently have models of infectious disease began incorporating land conversion leading to the possible spillover of
disease and pathogens from wildlife to humans (Faust et al., 2018; Wilkinson et al., 2018). Economists are beginning to
approach these issues by examining the pathways through which human interactions with the environment spread zoonotic
diseases (Albers et al., 2020), exploring the role of animal farming and meat consumption in the emergence and amplification
of infectious diseases (Espinosa et al., 2020), and modeling the relation between biodiversity loss and zoonotic pandemic risks
(Augeraud-Véron et al., 2021).

The following paper develops an economic model of the costs and benefits of habitat conversion that also includes the risk
of a zoonosis disease outbreak due to transmission from wildlife to humans. To do this, the paper focuses on a specific region
with an initially given wildlife habitat area and human population. The paper therefore develops a model of optimal habitat
conversion that also includes the risk of an initial zoonosis disease outbreak due to transmission from wildlife to humans in
the same region that the habitat conversion takes place. Thus, the planner must take into account both the normal cost and
benefits associated with converting wildlife habitat (e.g. benefits of conversion to agriculture or the ecosystem benefits
associated with preserving wildlife habitat) as well as the risk that smaller habitat will increase the risk of establishing
primary cases of infection in the human population and the disutility if this disease outbreak occurs.

The model is developed in two stages. Using basic principles of dynamic models of a zoonosis disease spillover to humans
(Begon et al., 2002; Davis et al., 2005; Lloyd-Smith et al., 2009), we first establish how wildlife-human transmission can be
affected by the size of the habitat area occupied by the wildlife population carrying the pathogen. It follows that declining
habitat area increases the rate of contact between humans and infected wildlife, influences the expected occurrence of a
primary case of infection among humans, and thus determines whether a disease outbreak among humans occurs. Conse-
quently, efficient and optimal conversion of the habitat must take into account any impacts on the risks of an outbreak
occurring.

To illustrate this, we next develop a model of converting wildlife habitat into land that is valued as an input into
commercially marketed activities while the remaining habitat yields wider environmental benefits (e.g. biodiversity, recre-
ation and tourism values and a wide range of ecosystem services). Our approach is related to models of optimal habitat
conversion among competing uses, such as conservation as opposed to development (Barbier, 2011; Barbier and Burgess
1997; Bulte and Horan 2003; Hartwick et al., 2001; Skonhoft, 1999). However, we extend such an approach so that allo-
cating natural habitat across competing uses must also take into account the potential risk of a zoonosis disease outbreak as
wildlife habitat declines. If the social disutility from a disease outbreak caused by wildlife habitat loss is extremely high
compared to the benefits from conversion, then no conversion should take place and the initial wildlife habitat area should be
preserved indefinitely. But even if some habitat conversion is optimal, the decision to convert must include a risk premium for
the threat of an outbreak, which is impacted by the size of the remaining habitat area, the adverse impact of loss of habitat on
the likelihood of the disease outbreak, and the negative value associated with an increase in the risk that a zoonosis disease
outbreak occurs. Compared to this case where no account is taken of the impact of wildlife habitat loss on the risk of disease
outbreak, more wildlife habitat will therefore be conserved.

These outcomes are captured in a numerical simulation. The scenarios confirm that accounting for the impact of wildlife
habitat loss on the risk of disease outbreak ensures that more wildlife habitat will be conserved in the long run. However,
because this risk is inversely impacted by habitat size, proportionately more of the habitat is conserved if the initial habitat
area is smaller. If the area is too small, then no conversion should take place. We also show that any policy to control habitat
conversion, such as a tax imposed on the rents from converted land, should vary with habitat area.

Our theoretical and numerical results have important policy implications. As long as there is significant risk of a zoonosis
disease outbreak due to wildlife habitat loss, then more habitat needs to be conserved than in the case where that risk is
insignificant or does not exist. How much more should be conserved will depend on the size of the habitat area, which
confirms the concern that many zoonosis disease experts have over how land conversion is leading to the fragmentation of
larger wildlife habitats into island-like habitats with reduced area, increased isolation, and increased ratios of edge habitat to
other areas occupied by humans (Borremans et al., 2019; Faust et al., 2018; Johnson et al., 2020; White and Razgour 2020;
Wilkinson et al., 2018; Zohdy et al., 2019). Control and regulation of converting wildlife habitat is essential, if there is a
significant risk of zoonosis disease outbreak.

2. Zoonosis disease outbreak

We begin by developing a general model of a zoonosis disease transmission from wildlife to humans, which incorporate
the basic dynamics of the process that could lead to the potential establishment of a large number of primary cases among
humans (Begon et al., 2002; Davis et al., 2005; Lloyd-Smith et al., 2009). We therefore focus on the relationship between
transmission from a wildlife reservoir to a human population and the rate at which primary human cases appear, which in the
context of this model is what is meant as a zoonotic disease outbreak. We then show how such a potential outbreak is directly

! Quoted in Phoebe Weston, ““We did it to ourselves’: scientist says intrusion into nature led to the pandemic.” The Guardian 25 April 2020. https://www.
theguardian.com/world/2020/apr/25/ourselves-scientist-says-human-intrusion-nature-pandemic-aoe?CMP=share_btn_link.
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related to the area of wildlife habitat. Our context is the risk of a single zoonosis disease spillover from wildlife to humans. As
pointed out by Lo lacono et al. (2016), single spillover events are most likely the cause of the global SARS outbreak, the swine
influenza pandemic, and the Ebola epidemic, and as noted in the Introduction, the most likely cause of the COVID-19
pandemic.

Let N be a human population of fixed size located in a region containing a wildlife habitat. In this population, there are a
number of individuals susceptible to infection by a zoonosis disease spillover from a wildlife reservoir. In the case of a
zoonosis, which is a disease that can be transmitted from animals to humans, the source of the initial infection of the human
population is a wildlife reservoir. This reservoir is the population of wildlife W, some of which are carrying the pathogen that
can infect the neighboring human population.

Following Davis et al. (2005) and Lloyd-Smith et al. (2009), the force of the infection of the zoonosis on humans A% is a per
capita rate determined multiplicatively by three factors: i) the number of contacts k* between humans and the wildlife
population over some time period, ii) the probability that the contact is with an infected wildlife; and iii) the probability o*
that transmission actually occurs given that contact has occurred.

Davis et al. (2005) assume that contacts between humans and infected wildlife increase with the abundance of the wildlife
population, in terms of numbers or density. Here, we assume the latter. Denoting A as the size of the habitat area occupied by
the wildlife population carrying the pathogen, then the rate of contact between humans and an infected animal is likely to
increase proportionately with the wildlife population density, i.e. ¥* = §W/A. The probability that the contact is with an
infected wildlife is thought to be a function of the size of the wildlife population (Begon et al., 2002; Davis et al., 2005; Lo
lacono et al., 2016); consequently, we denote the likelihood of such contact as w(W). A common assumption is that the
number of infected wildlife is constant, or if increasing, the rate is less than the increase in the wildlife population W (Begon
etal., 2002). If this is the case, then the likelihood that contact is with an infected wildlife w declines with W. For simplicity, we
specify this probability as w(W) = w/W.

Thus, the force of an infection on humans from the zoonosis is

Az:azxz%:% B = cflw (1)
where the parameter B is the transmission coefficient, which in this context represents the transmission from a wildlife
reservoir to a human population (Davis et al., 2005). It is the rate at which primary human cases appear. As equation (1)
indicates, the force of infection and thus the transmission of the disease from wildlife to humans declines with the size of
the wildlife habitat.

For any zoonotic disease that spills over from wildlife, there is a relationship between wildlife-human transmission and
the rate at which primary human cases appear (Davis et al., 2005). This relationship determines in turn the number of primary
cases X of this disease that emerge initially in the human population. However, at this stage, the pathogen may die out quickly
because of “stuttering transmission” from the initial person or persons infected and other susceptible humans, or alterna-
tively, there can be “sustained transmission” between the first person or persons infected and other humans so that a large
pool of X is created (Lloyd-Smith et al., 2009; Lo laocono et al., 2016). Both of these outcomes, which do depend on the
transmission from wildlife to humans, occur before the “final stage” of human-to-human transmission, “when a pathogen
gains the ability to transmit effectively between humans and no longer requires zoonotic transmission” (Lo lacono et al., 2016,
p. 2).

In the first case of “stuttering transmission”, the rate at which primary human cases occur is relatively small, and so
eventually the number of primary cases disappear. Examples of this type of zoonotic disease are monkey pox virus, leish-
maniasis and Lassa fever. In the second case of “sustained transmission”, the rate at which primary human cases appear is
relatively large, and the number of primary cases can grow to be quite sizable. Examples of this type of pathogen include
Yersinia pestis (plague), pandemic influenza (including swine flu and SARS), Ebola, HIV-1, and of course now COVID-19. But
there is also a third type of zoonosis, in which transmission from wildlife to humans occur to create primary infections but
there is no human-to-human transmission involved (Lloyd-Smith et al., 2009). Examples include the West Nile virus, malaria
and other mosquito-carrying pathogens, Lyme or other tick-borne diseases and brucellosis.

We start by modeling the first two cases, where the relationship between transmission of the pathogen from wildlife to a
human population and the rate at which primary human cases appear is also influenced by contact between the initial person
or persons infected and other humans.

From equation (1), suppose that initially the entire population is susceptible to the new disease and at least one individual
is infected at expected occurrence S?(/A, where $? < N are the sufficient number of susceptible individuals that allow this to
happen. It follows that X(0) is very small and S(0) = N — X(0). This means that all the contacts of the person or persons
initially infected by the zoonosis are with susceptible people. If this initial pool X(0), while still infected, has k expected
number of contacts with others and the probability that the contact results in transmission is a, then the pathogen is passed to
akS(0)/N susceptible individuals per unit of time. A common assumption is that the average duration of infection can be
represented as 1/b, where b > 0 is the rate of recovery of an individual from the infection. It follows that the basic rate at which
primary cases appear in the human population is
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where we make use of that fact that, for a large population, S(0) /N = (N — X(0)) /N=1.The parameter ¢ can be interpreted as
a modified transmission coefficient, in that it represents the transmission of the disease from the wildlife reservoir to the
initially infected person or persons and then to other susceptible humans that together comprise the entire pool of primary
cases. The rate at which primary cases occur K varies inversely with the size of the remaining wildlife habitat A. A smaller
habitat size increases the expected occurrence of initial infection among humans, and this is likely to result in more primary
cases appearing in the population through a higher K.

In the third case, transmission from wildlife to humans creates primary infections but without any human-to-human
transmission occurring. Now a large share of the human population is potentially susceptible to infection via wildlife con-
tact, and S?/N represents that share. The rate at which primary cases appear is

SZ
Ko=45 0=0% (3)

Using a dot over a variable to denote the change in that variable with respect to time, whether there is an increase or
decline in the number of primary cases can now be denoted as

X=v(Ky—1) (4)

where Ky = ¢/Ab is determined by either (2) or (3) depending on the type of zoonotic disease. As is clear from (4), how many
primary cases are established among humans depends on Kj the rate at which primary cases emerge. It has a threshold value
Ko =1, in that if Ky > 1 the number of primary cases increases at rate v(Ky —1) until a maximum number of primary cases X is
reached.? In comparison, if Ky = 1 then no additional primary cases are created, and if Ky < 1 the disease will eventually die
out among humans. Consequently, if Ky < 1, a smaller wildlife habitat area A will cause Kj, to fall, and if A continues to decline,
it is more likely that the threshold value Ky = 1 is exceeded and thus a disease outbreak among humans occurs.

Conditions (2)—(4) allow the threshold value for Ko to be expressed in terms of the area of natural habitat A. That is, Ko = 1
implies that ¢/b = A, which will henceforth be denoted as a habitat of size A*. Consequently, whether or not any zoonosis
spillover results in a sustained number of primary cases among the human population depends on

>1,HA<AZ:%
Ko (5)

gLﬁAzN:%

It follows from (5) that a zoonosis spillover will result in a disease outbreak in humans if wildlife habitat area falls below

the threshold size A%. From (4), primary cases among humans will increase until the maximum number X is reached. For
zoonotic diseases that do involve human-to-human transmission, only primary cases of infections are created (see equation
(3)). However, for other zoonotic diseases, the establishment of primary cases X through wildlife-human transmission is not
the end of the story. Instead, some pathogens could enter into the “final stage” where only transmission among humans
occurs (La Lo [acono et al., 2016). Once this stage is reached, and disease transmission takes place solely through human-to-
human contact, standard disease models that employ the basic reproductive rate Ry apply and can determine how the cre-
ation of secondary from primary human cases causes any additional spread of the infection among the population (Cobey,
2020; Diekmann and Heesterbeek 2000; Hethcote 2009; van den Driessche 2017).2

In sum, the relationship between transmission from a wildlife reservoir to a human population and the rate at which
primary human cases appear can influence whether a zoonotic disease outbreak occurs. Moreover, such a potential outbreak
is directly related to the area of wildlife habitat. It follows that efficient and optimal conversion of the habitat should take into
account any impacts on the risks of an outbreak occurring. As we shall see next, this is especially important when the
threshold habitat size A* that might trigger such an outbreak is unknown, which is often the case.

2 Asis clear from the earlier discussion and (2) and (3), X can vary significantly depending on the epidemiological characteristics of the disease, including
the force of infection through contact with wildlife and the susceptibility of the human population to the pathogen.

3 The basic reproduction rate Ry of a disease is the expected number of secondary cases per primary case in a population of individuals susceptible to the
new disease (Cobey 2020; van den Driessche 2017). Thus, R is the initial growth rate of the disease in the human population through human-to-human
transmission. In our model, the number of primary cases created through wildlife-human transmission is the initial infected members of the population, i.e.

X = Ip. If Ry is sufficiently large, the number of infected individuals in the population will grow rapidly through human-to-human transmission, which
seems to be the case with many recent epidemics from zoonosis, such as SARS, swine flu, Ebola, and now COVID-19.
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3. Habitat conversion and the risk of disease outbreak

Most habitat loss occurs through its conversion into land that is valued as an input into commercially marketed activities,
such as agriculture, forestry, mining, residential and commercial real estate, and so forth. This implies that any remaining
habitat has potential value as a “reserve” to be converted for commercial land. At the same time, wildlife habitat yields many
additional benefits, such as biodiversity, recreation and tourism values and a wide range of ecosystem services. However,
allocating natural habitat across these competing uses must also take into account the potential risk of a zoonosis disease
outbreak as wildlife habitat declines.

As condition (5) indicates, this risk is a real threat due to habitat conversion. Such conversion ensures that any given
wildlife habitat area could decline over time and could eventually converge to its threshold habitat size A% If that happens,
then as (5) shows there might be some future time period * in which %LrgA(t) < A?,Ky > 1. The following model takes into

account this risk, along with the competing land uses for wildlife habitat.

Let the initial wildlife habitat area be denoted as Ay. Define fé c(7)dr as the cumulative amount of habitat converted by
economic activity up to time t. The remaining area at time t is therefore A(t), and it follows that

t

At)=Ag — / c(rydr, A= —c(t) (6)
0

We represent the two competing economic uses for habitat as follows. Conversion of habitat yields land for commercially
marketed activities, such as agriculture, real estate, forestry, mining, etc. At any time t, land rents obtained from this converted
habitat are D(Ag — A(t)), whereas the ecosystem, biodiversity and other environmental benefits of the remaining habitat are
B(A(t)). The functions D( ) and B( +) are strictly concave. The costs of converting wildlife habitat to developed land are C(c(t),

C(0) = C(0) = 0, and are strictly convex for c(t) >0. Consequently, the net benefit flow from allocating wildlife habitat
between these two uses at time t is U(A(t),c(t)) = D(Ag — A(t)) + B(A(t)) — C(c(t)).

Although there may be awareness that loss of wildlife habitat could potentially cause a zoonosis disease outbreak if the
area falls to A% it is unlikely that this threshold level of habitat is known in advance. Since A? is unknown, then the time of the
disease outbreak occurring t* is a random variable. Nonetheless, the likelihood of an outbreak can be characterized by a hazard
rate function that specifies the probability that the disease outbreak occurs at any time t, given that it has not yet occurred at
that time. But as long as habitat conversion takes place at time t, then A(t) will be declining and the likelihood of an outbreak
rises. This suggests that the likelihood of the disease outbreak occurring at any time ¢, given that it has not yet happened,
increases as A(t) falls. Finally, if the disease outbreak does occur because A(t) converges to A%, there will be considerable social
disutility of absolute value ¢% associated with this outbreak. For analytical convenience, we assume that this social disutility is
invariant with respect to time, and is net of any benefits associated with the remaining habitat.

Let I'(t) be the probability of a zoonosis disease outbreak occurring by time t, and I'(t) is the associated probability density
function. It follows that the hazard rate function denoting the likelihood of the outbreak occurring at time t given that it has

not yet happened can be specified as h(t) = I'/1 — I'(t). Rearranging yields

F=h(t)(1=TI(t)), h(0)=0, h(t) >0, H'(t) > 0 7)

It follows that the probability that the outbreak will occur at tis I'(t) =1 — exp[— .]5 h(r)dr]. Finally, the likelihood of the
disease outbreak occurring as represented by h(t) in (7) depends inversely on the size of the remaining wildlife habitat area
A(t). Consequently,

h(t) =y(A(t)), ¥ <0 (8)

Expected social welfare up to the unknown time of the outbreak t* is

tZ
]E[ / U(A(t), c(t))ePtdt — g%e " (9)
0

Choosing optimal conversion to maximize (9) is a stochastic problem. However, it can be transformed into an analogous
deterministic problem by adapting the approach of Kamien and Schwartz (1991, pp. 62—63 and 190—194).

As 1 — I'(t) is the probability of a zoonosis disease outbreak not occurring by time t, the expected discounted social welfare
for the case when the disease outbreak has not yet occurred over some time period [0,T] is
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T
/u De (1 —I'(t))dt + V(AT))e " (1 - I(T)) (10)
0

where V(A(T)) is the welfare gained from the remaining A(T) of natural habitat if there is no disease outbreak by time T.
If the disease outbreak does occur at some time 0 < t < T then expected disutility from the outbreak is — fOT g?e Pt(—
¥)dt, where x(t) = 1 — I'(t) and thus — ¥ = I. Integrating by parts this expression yields

T
ZeT(1— T(T)) — (1 - T(0)) + / poe (1 — I'(t))dt (11)
0

Putting (10) and (11) together, using 1 — I'(0) = 1 and allowing T — o, (9) becomes
J= / 0) + pole (1~ I(t))dt — o (12)
0

Discounted social welfare as represented by (12) can be maximized with respect to choice of c(t) subject to (6) and (7) and
the standard transversality conditions. Note, however, that if the social disutility from a disease outbreak ¢# is extremely high
relative to the benefits from habitat conversion, then J < 0 and the wildlife habitat should be conserved indefinitely at its
initial size Ag.

The current - value Hamiltonian of the problem is

H=[U(A,¢) +po*J(1 =T) = y1¢ + v29(A)(1 - T) (13)

The co-state variable ¥; = v;(1 —T') is the shadow value of an additional unit of the remaining wildlife habitat, conditional
on the outbreak not yet occurring at time t. Differentiating yields ¥; = [y; — ¥v;](1 — I'). The co-state variable vy, is defined as
Yy = ar = —V*'(A,c)e (1 — I') <0, where V*( -) is the value of the remaining wildlife habitat at time t corresponding to the
optimal solution J* of (12). As an additional unit of I" represents an increase in the risk that an outbreak occurs, then vy, is the
negative of the expected present value at time t of the remaining optimally managed habitat, given that the outbreak has not
yet happened.

The first-order conditions for maximization are

-C(0)=m (14)
11— (p+¥(A)y1 =D'(Ag — A) — B'(A) — vo¥/(A) (15)
Y2 —pY2=U(A, )+ po + 72¥(A) (16)

Rearranging (16) yields

=B HER L] oy "

Condition (17) is negative, as by definition v, <0. Any change in the costate variable over time must be less than the net
benefit of holding onto wildlife habitat at time t as represented by U(c,A) + pa?. Both of the values on the right-hand side of
(17) are adjusted by the effective discount rate p, which includes the risk premium for the threat of an outbreak y(A). Note that
this premium indicates that the effective discount rate rises as more habitat is converted over time. Thus, (17) implies that
v, <0 but gets progressively smaller and converges toward zero for c(t) >0 along the optimal path.

From (15) and (16)

D'(Ag —A(t)) — pC'(c(t) =B'(A(1)) + 71 + 12V (A(1)) (18)

Condition (18) states that, along the optimal path, the returns from the two competing uses of the wildlife habitat must be
equal. The net marginal rents from development D’(Ag —A) — pC’(c) are balanced by the marginal benefits of holding onto the

wildlife habitat B'(A) + 71 + v>V (A). These benefits include the impact on the likelihood of a zoonosis disease outbreak of the

size of the remaining habitat 72\//' (A). The latter impact is positive, implying that one would want to hold onto more wildlife
habitat because it reduces the risk of an outbreak occurring. This additional benefit of holding onto wildlife habitat suggests

6
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that, along the optimal path, more wildlife habitat should be preserved compared to the case where there is no impact of
habitat loss on the likelihood of the disease outbreak, i.e. condition (8) does not apply and ¥(A) = y/(A) =0
Condition (18) can be expressed in terms of capitalized land values at any time t along the optimal path:

p p p

The difference between the capitalized marginal value of converted land D’(Ap —A) /p and the capitalized value of
remaining wildlife habitat B'(A) + ¥; + v,¥/(A)/p is the marginal cost of converting habitat C’(c). Note that both capitalized
values are lowered by the risk premium due to the threat of a disease outbreak y(A). In addition, the capitalized value of
remaining wildlife habitat reflects the impact of conversion and thus the loss of habitat on increasing the likelihood of an
outbreak y/(A). Each capitalized land use value can also be denoted as respective “prices” of the two types of land, or
PP(Ag —A) = D'(Ag —A) /p and PB(A) = B'(A) + 1 + v,¥/(A)/p respectively. The result is that the difference in land prices
between converted and remaining habitat is smaller compared to the case where habitat size does not impact the risk of an
outbreak and thus y(A) = ¢/(A) = 0.

The optimal path of habitat conversion c(t) must therefore satisfy (6), (7), (17) and (19), as well as the transversality
conditions tllrgoefﬂtyl(t) >0, tangoe*Ptyl(t)A(t) = 0 subject to the outbreak not occurring by this limit. A steady state for

wildlife habitat is obtained by setting ¥; = ¥, = A = 0. Suppose that this steady state A* occurs at some time 0 < t* < oo,
subject to this outbreak not yet happening. It follows from (6) and (14) that ¢* = ¢(t*) = 0 and C’(0) = vy; = 0, and the hazard
rate specified in (8) is constant h* = /(A"). Thus A* is uniquely determined by the equation

D'(Ay—A") _BA")+ 1Y/ (A") e _(UA) + po?)
p p 2 p

(20)

where p = (p +¥(A")) and U(A") = D(Ag — A") + B(A"). Provided that D'(0) > B'(A") + v,¥/(A") and D'(A") <B'(0) + v,y (0),
then 0 <A" <Ag and at least some habitat conversion will take place initially.

Suppose that initial wildlife habitat area is large Ap>A". Developed land converted from habitat is relatively scarce
compared to wildlife habitat, and thus in (19), the marginal land rents D’'(Ay —A) are relatively large. Abundant wildlife habitat
in turn also means that its marginal environmental benefits B'(A) are low, and more importantly, so is the risk premium
associated with the threat of a disease outbreak y(A) and the marginal change in this risk due to declining habitat y/(A).
Consequently, the gap between capitalized values, and thus land prices PP(Ay —A) and PB(A), is initially wide and optimal
habitat conversion c(t) should start out high.

However, as wildlife habitat conversion proceeds along the transition path to the steady state defined by (20), marginal
rents from converted habitat D’(Ag —A) start to fall, whereas the loss of habitat means that B'(A) + y,¥/(A) will rise. Conse-
quently, optimal habitat conversion is initially large but falls over time, as the difference in land capitalized land values begins
to disappear. From (14), along the transition path, the marginal value of an additional unit of habitat is negative but rising over
time, i.e. y; <0 and ¥, > 0. The implication is that, given that Aq>A", along the optimal path until the steady state (20) is
reached, A(t) declines, v, (t) continues rising and c(t) is falling.* This outcome for the optimal wildlife habitat conversion path
with a risk of disease outbreak is depicted in Fig. 1.

It is instructive to compare this outcome to the case where there is no risk of disease outbreak if conversion of wildlife
habitat takes place, i.e. y(A) = y/(A) = 0. Conditions (19) and (20) become

Dt AL {B’(A(t;) + m] _ o) (21)

D'(Ay—A") B(A™)
p p

(22)

Provided that D’(0) >B'(A™) and D’(A™) <B'(0), then 0 <A™ <Ap and at least some habitat conversion will take place
initially. If the wildlife habitat is initially large so that Ag > A™", then optimal conversion c(t) will start large, decline over time,

4 From (14), Oan‘ = - ﬁ< 0, which implies that (6) can be written as A = —c(y;) and confirms that, as the shadow value of the wildlife habitat becomes
less negative over time, optimal conversion falls. The slope of the optimal path is ‘% =0 = W< 0 for Ag >A". Although initially the
wildlife habitat is very large, as land conversion proceeds and A falls, the shadow value o@ the habitat becomes less negative.
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Fig. 2. Optimal wildlife habitat conversion with no risk of disease outbreak.

and converge to zero at the steady state defined by (22). Along this transition path, the marginal value of an additional unit of
habitat is negative but rising over time, i.e. y; <0 and ¥, > 0. However, since there is no risk premium associated with habitat
conversion as y(A) = 0, more habitat will be converted in the long run, i.e. A* <A". This outcome is depicted in Fig. 2.

To summarize, even though wildlife habitat may have considerable value if it is converted for land used in commercially
marketed activities, such as agriculture, forestry, mining, residential and commercial real estate, and so forth, converting
habitat for such uses should take into account the potential risk of a zoonosis disease outbreak as wildlife habitat declines. If
the social disutility from a disease outbreak caused by wildlife habitat loss is extremely high compared to the benefits from
conversion, then no conversion should take place and the initial wildlife habitat area Ag should be preserved indefinitely (see
(12)). However, even if some habitat conversion is optimal, the decision to convert must include a risk premium for the threat
of an outbreak y(A), which is impacted by the size of the remaining habitat area, the adverse impact of loss of habitat on the
likelihood of the disease outbreak y/(A) <0, and the negative value associated with an increase in the risk that an zoonosis

5 As before — C'(c) = v4, 2= —zi=<0 and A = — c(y1). The slope of the optimal path is now ‘3;2 :”’X M<O for Ap> A", which
suggests a similar outcome. Although mmally the wildlife habitat is very large, as land conversion proceeds and A falls, the shadow value of the habitat

becomes less negative.



E.B. Barbier Journal of Environmental Economics and Management 108 (2021) 102451

disease outbreak occurs v, < 0. Compared to this case where no account is taken of the impact of wildlife habitat loss on the
risk of disease outbreak, more wildlife habitat will therefore be conserved, i.e. A" >A™".

4. Numerical results

Comparison of outcomes (19) and (20) with conditions (21) and (22) provides additional insights into how the risk of
disease outbreak impacts optimal wildlife habitat in the long run. The comparison focuses on how these long-run outcomes
differ if the initial size of the wildlife habitat varies, and the resulting divergence in the marginal rents from converted habitat.
The latter allows calculation of a possible tax on these rents. Our approach to this analysis is through numerical simulation, as
the general expressions (19)—(22) are not very tractable. The Appendix specifies the functional forms and key relationships
underlying this simulation.

Table 1 reports the key numerical results from the simulation of the long-run wildlife habitat size where there is a risk of a
disease outbreak A* as opposed to the outcome A** where there is no such risk. The simulation is conducted for several
different levels of initial habitat area Ag, specified in square kilometers (km?). The largest initial area is 30,000 km? (about the
size of Belgium) and the smallest is 500 km? (around the land area of Guam).

To give an indication of the comparative size of each initial habitat area A, they can be related to the approximate land size
of selected countries. For example, the land area of Guam is 544 km?, Sao Tomé and Principe 964 km?, Luxembourg 2586 km?,
Cape Verde 4033 km?, Lebanon 10,230 km?, Timor-Leste 14,919 km? and Belgium 30,278 km?.

The results of the numerical simulation confirm that incorporating the impacts of wildlife habitat conversion on the risk of
a disease outbreak leads to more habitat conservation in the long run (see Table 1). Moreover, the difference between A* and
A#+is greater for a smaller initial habitat size. When Ag is 15,000 to 30,000 km?, A* is 3.5 to 3.3 times A**. However, when
initial habitat size is only 2500 km? (ca. the land area of Luxembourg) the ratio of A* to A**rises to four, and when Ay is only
500 km?, the ratio is six. This outcome is directly related to the risk premium for the threat of an outbreak y(A), which is
adversely impacted by the size of the remaining habitat area, as well as the negative value associated with an increase in the
risk that a zoonosis disease outbreak occurs v, < 0. When initial habitat area is already small, these effects mean that the
likelihood of a disease outbreak is already great, and so even less conversion should take place compared to the case when
there is no such risk.

In fact, the simulation results suggest that, when initial wildlife habitat area is only 500 km?, very little conversion should
be allowed, as A* is 497 km?. Based on the given parameter values, the simulation implies that 500 km? is a threshold level of
wildlife habitat size. For any initial wildlife habitat area Ag below this threshold, the social disutility from a disease outbreak
caused by habitat loss is too high relative to the benefits from conversion. Instead, the wildlife habitat should be conserved
indefinitely at its initial size Ag, as condition (12) indicates.

The simulation also allows estimation of a possible tax imposed on the marginal rents from converted habitat in the long
run to account for the additional risk of a disease outbreak. As more habitat is converted in the long run when there is no risk
of a disease outbreak, marginal converted land rents will be lower compared to the rents when there is a risk. As can be seen
from Table 1, this difference in rents varies depending on initial wildlife habitat area. Consequently, the tax rate also varies
with Ag. When initial wildlife habitat is 10,000 to 30,000 km?, the tax rate is 21—25%. However, for Ap of 2500 km?, the rate is
almost 19%, and for 500 km? it falls to 15%.

In sum, the simulation scenarios confirm that taking into account the impact of wildlife habitat loss on the risk of disease
outbreak ensures that more wildlife habitat will be conserved in the long run, i.e. A" > A™. However, because this risk rises
inversely with habitat size, this difference between A* and A** increases significantly for smaller initial wildlife habitat. If the
area is too small, then no conversion should take place. Based on the parameters of this simulation, this threshold size is
around 500 km?. Equally, the tax rate imposed on marginal rents from converted land also falls with diminished habitat size.
Of course, these numerical results are sensitive to the parameters chosen, which in this instance appear to suggest a high
impact of habitat loss on the likelihood of disease outbreak. But the general results should hold regardless of the parameter

Table 1
Effects of the risk of a disease outbreak on long-run wildlife habitat.

Parameter values: ¢ = 10,000 p = 0.04 ¢ = 0.01 a (Ag) = a bp (Ag) = bp 1 — bgAg = 0 for Ag = 2500
Scenario Estimates

Initial habitat Final habitat, Final habitat Ratio Marginal rents Marginal rents from Tax Tax
(km?), Ag without risk, A** with risk, A* A*[A** from converted converted habitat adjustment 1 + © rate ©
habitat D’ (Ag-A**) D’ (Ap-A*)
500 83 497 6.0 0.87 1.00 1.15 15.3%
1000 175 857 49 0.82 0.97 1.18 17.6%
2500 500 2000 4.0 0.80 0.95 1.19 18.8%
4000 863 3209 3.7 0.78 0.95 1.21 20.6%
10,000 2233 7920 35 0.78 0.94 1.21 21.1%
15,000 3462 11,990 35 0.77 0.94 1.22 22.2%
30,000 7358 24,554 33 0.75 0.94 1.25 24.7%

Notes: Marginal rents are in $1000 per km?.
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values chosen: the risk of disease outbreak requires more wildlife habitat conservation in the long run, and how much more
should be conserved will depend on the size of the habitat area. It follows that any tax rate imposed on the rents from
converted land should also depend on habitat area.

5. Further research

For analytical convenience, we have focused here on habitat conversion and its effect on the likelihood of a zoonotic
disease transmission and outbreak. Other human-wildlife interactions, such as hunting and capturing wildlife for trade and
meat production, are not explicitly modelled even though they are important transmission channels (Borsky et al., 2020;
Espinosa et al., 2020). As Borsky et al. (2020) show, making trade requirements more stringent leads to a decrease in the
number of animals traded, and as a result, the number of zoonotic diseases that are transmitted. However, reduced habitat
area could limit the effectiveness of such trade restrictions, as habitat conversion could instead lead to greater hunting or
capturing intensity, and therefore also impact the risk of a zoonotic disease outbreak. Similarly, wildlife populations and the
number of wildlife infected with a potentially zoonotic disease transmitted to humans could vary non-linearly with changes
in wildlife habitat, due to a range of local ecological factors (Gibb et al., 2020b). This could also influence greatly how habitat
conversion impacts the transmission of disease from wildlife to humans, and thus the risk of a disease outbreak.

The model of this paper examines the risk of an initial disease outbreak among the neighboring human population from
the conversion of wildlife habitat in the region. It does not include the probability that the disease outbreak could lead to a
pandemic, which is by definition a global phenomenon involving disease spread to multiple regions and populations. In
addition, as the emphasis is on an initial disease outbreak, the model here considers only the disutility associated with this
event possibly happening at some time in the future. Intuitively, this disutility reflects the dislike of a disease outbreak
occurring among the population, and does not include aversion as to how severe or deadly it might become once the disease
spreads among the human population of the region. A more complete model might include these additional features to
determine optimal habitat conversion, and possibly include it in a general equilibrium framework (Augeraud-Véron et al.,
2021).

Similarly, as the recent zoonosis disease outbreaks have shown - the global SARS outbreak, the swine influenza pandemic,
the Ebola crisis, and now the COVID-19 pandemic — local land-use change as a cause of potential new zoonosis is a global
concern (Cordoba-Aguilar et al., 2021; Gibb et al., 2020a). In an analysis of 6801 ecological assemblages and 376 host species
worldwide, Gibb et al. (2020b, p. 398) find that “known wildlife hosts of human-shared pathogens and parasites overall
comprise a greater proportion of local species richness (18—72% higher) and total abundance (21—144% higher) in sites under
substantial human use (secondary, agricultural and urban ecosystems) compared with nearby undisturbed habitats.” The
implication is that policies to control land conversion in one region to reduce the risk of disease outbreak locally could also
reduce disease spread to multiple regions and populations. These potential multi-regional and global benefits of reducing
zoonosis risk from a country or region need to be considered in the design of both domestic and global policies to control land
conversion in a region. For example, Dobson et al. (2020) estimate that direct forest-protection payments to host countries to
reduce deforestation totaling $9.6 billion per year could achieve a 40% reduction in areas at highest risk for virus spillover.
However, they also maintain that the same outcome could be achieved for only $1.5 billion annually if countries adopt do-
mestic policies that remove subsidies favoring deforestation, restricting private land clearing, and supporting territorial rights
of indigenous peoples. Others suggest the need for more adaptive, ecosystem-based interventions to help manage zoonotic
hazards and risks across multiple policy jurisdictions, and developing early-warning surveillance and control measures for
particular global “hot spot” locations and reservoirs threatened by land-use change (Cérdoba-Aguilar et al., 2021; Gibb et al.,
2020a; White and Razgour 2020).

Finally, models of infectious disease that incorporate the impact of land conversion on the spillover of a zoonotic disease
from wildlife to humans are beginning to allow for spatial aspects of this spillover effect (Albers et al., 2020; Faust et al., 2018;
Wilkinson et al., 2018). This is especially important to analyze the consequences of habitat fragmentation across landscapes
for the risk of a zoonotic disease outbreak. Future research could involve extensions of the model developed in this paper to
explore further the spatial spillover effects of habitat fragmentation and increased ratios of edge habitat to other areas
occupied by humans (Borremans et al., 2019). In a spatially explicit model of habitat conversion with a risk of zoonotic disease
outbreak, optimization would not only have to determine the time path of the overall quantity of land conversion but also the
optimal locations for habitat conversion. Such modeling approaches should also be extended to evaluate how future climate
and land change scenarios may affect geographic trends in zoonotic hazard for multiple zoonoses (Gibb et al., 2020a).

6. Conclusion

Increasing evidence suggests that emerging infectious diseases, such as COVID-19, originate from wildlife species, and that
land-use change is an important pathway for the transmission of zoonotic diseases from wildlife to humans (Cunningham
et al.,, 2017; Faust et al., 2018; Gibb et al. 2020a, 2020b; Johnson et al., 2020; Olival et al., 2017; Shah et al., 2019; White
and Razgour 2020; Zohdy et al., 2019). To explore the problem further, this paper develops an economic model of the
costs and benefits of habitat conversion that also includes the risk of a zoonosis disease outbreak due to transmission from
wildlife to humans. Several results emerge from our theoretical and numerical analysis.
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First, we demonstrate that a smaller wildlife habitat leads to more contact between humans and wildlife carrying the
pathogen, increases the rate at which primary cases emerge among humans, and thus ensures that an outbreak is more likely.
Both the model and the simulation scenarios of this paper confirm that taking into account the impact of wildlife habitat loss
on the risk of disease outbreak ensures that more wildlife habitat should be conserved in the long run, compared to when this
risk is ignored. Consequently, efficient and optimal conversion of the habitat must take into account any impacts on the risks
of an outbreak occurring.

Second, the risk of a zoonotic disease outbreak requires more wildlife habitat conservation, and how much more should be
conserved will depend on the size of the habitat area. Because the risk varies inversely with habitat size, less conversion
occurs if the initial habitat size is smaller as opposed to larger. If the area is too small, then no conversion should take place,
because the risk of disease outbreak is too great. For example, based on the parameters of the simulation conducted in this
paper, this threshold size is around 500 km?. Actual threshold values will depend greatly on the economic and natural
conditions in a country or region, and need to be studied carefully.

Third, any policy to control habitat conversion, such as a tax imposed on the rents from converted land, should also vary
with habitat area. As more habitat is converted in the long run when there is no risk of a disease outbreak, marginal converted
land rents will be lower compared to the rents when there is a risk. However, this difference in rents declines if a region
contains a smaller initial habitat area, and so the tax rate imposed on marginal rents from converted land also falls with
diminished habitat size.

Several policy implications emerge from these outcomes. Our analysis confirms the concern of wildlife disease experts
that land conversion and fragmentation of larger wildlife habitats poses a risk of zoonotic disease transmission to humans
(Borremans et al., 2019; Faust et al., 2018; Gibbs et al., 2020b; Johnson et al., 2020; Olival et al., 2017; Wilkinson et al., 2018;
Zohdy et al., 2019). Control and regulation of converting wildlife habitat is essential, if there is a significant risk of zoonosis
disease outbreak. If the social disutility from a disease outbreak caused by wildlife habitat loss is extremely high compared to
the benefits from conversion, then no conversion should take place and the initial wildlife habitat area should be preserved
indefinitely. In the case where some conversion is optimal, any policy to control excess habitat conversion, such as a tax
imposed on the rents from converted land, should vary with habitat area. Other policies to reduce conversion, whether it is
restricting agriculture and other land-converting commercial activities, designating large contiguous habitat reserves or
limiting human access to wildlife habitat, may also need to be adjusted to account for the size of the wildlife area protected.
Based on our analysis, the general rule appears to be: the smaller and more isolated the wildlife area, the greater and more
stringent the restrictions imposed.

Finally, the analysis of this paper also points to some important empirical issues. As is shown here, determining how much
wildlife habitat to conserve depends on how habitat conversion influences the risk of a zoonosis outbreak. In the model of this
paper, we identify three key effects. The decision to convert must include a risk premium for the threat of an outbreak, which
is impacted by the size of the remaining habitat area, the adverse impact of loss of habitat on the likelihood of the disease
outbreak, and the negative value associated with an increase in the risk that a zoonotic disease outbreak occurs. Estimating
these three influences is critical to determining the optimal amount of wildlife habitat conversion, or indeed if any habitat loss
should take place at all. More research is needed to improve our understanding of these effects, as well as quantifying them.

Clearly, exploring the policy and empirical implications of our analysis is urgent, if we are to avoid the risk of another major
zoonotic pandemic such as COVID-19.
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Appendix

The numerical simulation of how the risk of disease outbreak impacts wildlife habitat conservation in the long run is based
on the following functional forms and key relationships.

Functional forms

(1-4)

2
D(Ao —A) = (Ao — A) — by——"—, D/ (Ao —A) =1 — bp(Ao — A) (A1)

2
B(A)=A — bg’%, B(A) = 1— byA (A2)

1
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V(A)=Yo —a(Ap)A, ¥(A)=—a(Ag) (A3)
To ensure, concavity of D( +) and B(.), bp and bg must adjust with the size of Ap. We additionally specify that 1 — bgAy = O.
Note that the parameter a also adjusts with Ag. We calibrate a for Ag = 2500 and adjust it accordingly for different initial
habitat size.
Equilibrium for optimal wildlife habitat with no risk of disease outbreak

Steady state A** is found by

D'(Ay—A") _B(A™)
p P

AT D(Ag-AT)=B'(A™)
This implies from (A.1) and (A.2)

=D, (A4)

Equilibrium for optimal wildlife habitat with risk of disease habitat.

Steady state A* is found by

D'(Ag —A") _B'(A) + ¥/ (A7) vy — (UA") + pa?)

p p p
where p = (p+y(A")) and U(A") = D(Ag — A") + B(A™).
TiaY/(AT) =D'(Ag-A") —B'(A") (A5)
From (A.1), (A.2) and (A.3).
U(A") = Ag|1 + bpA” — Ao | — bosbea2, y,y/(A) = AUE2E] and D/(Ag — A™)— B'(A") = (bp + bp)A” — bpAg. Thus

substituting these expressions into (5) and rearranging yields the quadratic expression.

alloibia*2 (b 4 by)(p + Yo)A"+ e =0, e = apa?+ (p + Yo)bpAg + aAg — a’2A2, which has the solution.
A" = botbprvo)ey/(-C (blz):li B))(p )’ ~4boths)ae gy This solution is determined by the parameters X.
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